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i ArgoNeut Event

p/m* Identification

V interaction vertex

Exclusive topologies reconstruction
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Sensitivity to Nuclear Effects in Neutrino Interactions

(w+2p) data sample - “Hammer Events”
5 5 2 ' V
ArgoNeut Event I :/; :l
-— Y

cos(Y)<-0.95

Visually the signature of these events
gives the appearance of a hammer,
with the muon forming the handle

and the back-to-back protons
forming the head.




New perspectives are now open for a detailed reconstruction of the complex event
topologies emerging In final state from neutrino-nucleus interactions.

LA~TPC detectors provide full 3D imaging combined with efficient particle identification
capabllity and precise calorimetric energy reconstruction allowing for exclusive topologies
recognition and direct exploration of nuclear effects with superior sensitivity.

Instead of MC based classification of the event rates in terms of interaction channel
(OE, RES, DIS, etc), neutrino events in LAr can be (are) directly categorized in terms

of final state topology based on particle multiplicrty:
“O-pion" (i.e. €* + Np, where N=0,1,2...),
“1-pion" (ie. €*+1m + Np, where N=0,1,2...),

etc..

In exclusive topology cross-section determination, the use of MC information is
limited to the estimate of the event selection efficiency and acceptance

ULTIMATELY, THIS APPROACH WILL ALSO ALLOW FOR MOST PRECISE RECONSTRUCTION OF
THE INCOMING NEUTRINO ENERGY FROM THE LEPTON AND PROTON(S) (AND PION)
RECONSTRUCTED KINEMATICS.
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The Booster Neutrino Beam flux at the three SBN detectors: (left) LAr1-ND, (center)
MicroBooNE, and (right) ICARUS T600.

v, Events as a Function of Neutrino Energy
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MicroBooNE Expected Rates @ BNB

Process No. Events in active volume (89 t)

CC Inclusive 122,100 178,100
CCOm N s A 78,500

- yuN = u+0p 16,500

N e T 44,200

= i A 8,300

o b= e P e 9,500
CC1 7= v, N — u + nucleons + 17+ 30,300
CC >2n® v, N — p+ nucleons + > o= 2,700
@@=’ v, N — p + nucleons + > 17° 13,400
NC Inclusive 45,900 67,000
NCO~r v, N — nucleons 29,900
NC 1 7* v, N — nucleons + Ilies 6,900
NC >27% v, N — nucleons + > ot 900
NG v,N — nucleons + > 17" 9,200

v, Bvents
CC Inclusive 820 1,200
NC Inclusive 290
Total v, and v, Events 246,000
-—

v, Events (By Physical Process ) I

CC QE Uyl — L D 67,500
CC RES v,N = p~mN 37,300
CC DIS = T AL 14,500
CC Coherent e R 480

Table 1: Estimated event rates using GENIE (v2.8) in a 6.6e20 POT exposure of MicroBooNE,

located 470m from the neutrino source, the Booster Neutrino Beam. In enumerating proton mul-

tiplicity, we assume a kinetic energy threshold on protons of 20 MeV. The On topologies include
any number of neutrons in the event. This study uses a 17cm fiducial volume cut in MicroBooNE,
which gives a fiducial volume of 61t. 2




LArl-ND Expected Rates @ BNB

Process No. Events/  Stat.
Events ton Uncert.
v, FEwvents (By Final State Topology) I
CC Inclusive 5,212,690 46,542 0.04%
CCOm vuN = p+ Np 3,661,830 31,713 0.05%
- N — p+0p 793,153 7,082 0.11%
-y N — p+1p 2,027,830 18,106 0.07%
- YN — p+2p 359,496 3,210 0.17%
- YN — p+ > 3p 371,347 3,316 0.16%
CC1qn=* v,N — p+ nucleons + 17 1,161,610 10,372 0.09%
CC >27= v, N = p+ nucleons + > 27 97,929 874 0.32%
CC >17Y v, N — p+ nucleons + > 17° 497,963 4,446 0.14%
NC Inclusive 1,988,110 17,751 0.07%
NCOm« v, N — nucleons 1,371,070 12,242 0.09%
NC 1 ¥ v, N — nucleons + 17 260,924 2,330 0.20%
NC >27= v, N — nucleons + > 27~ 31,940 285 0.56%
NC >179 v, N — nucleons + > 17° 358,443 3,200 0.17%
ve Fuvents
CC Inclusive 36798 329 0.52%
NC Inclusive 14351 128 0.83%
Total v, and v, Events | 7,251,948 | 64,750

i v, Events (By Physical Process)J

CC QE vyn — [ p 3,122,600 27,880
CC RES vuN = p~mN 1,450,410 12,950
CC DIS vuN = p~X 542,516 4,844

CC Coherent v Ar — pAr +m 18,881 169

TABLE I: Estimated event rates using GENIE (v2.8) in the LAr1-ND actwe volume (112 t) for a
6.6 x 10% ezposure. In enumerating proton multiplicity, we assume an energy threshold on proton
" kinetic energy of 21 MeV. The Om topologies include any number of neutrons in the event.




ICARUS-T600 Expected Rates @ BNB

Process No. Events
v, FEvents (By Final State Topology)

CC Inclusive 550,000
NC Inclusive 210,000
v. Fvents
CC Inclusive 2,000
NC Inclusive 780
Total v, and v. Events 760.000

6.6E20 pot (2.2E20pot/yr X 3 yr)
~ indetector
Active olume 46 t)




CAPTAIN-BNB

- ' . - - % > Goal: Study neutrino-argon interactions in the
- (far off-axis) 1 3 .
- (b) BNB neutrinos at cosb < 0.7 {1 < energy range relevant for supernova detection
T 102k Ve = % > Xsecs have never been measured and have large
E - Vi . i theoretical uncertainties
B i —7, 1 2 : : :
N § ' 1 & >The flux: Neutrinos from pion decay-at-rest in
N - 1 < . . .
o Z an off-axis location near the Booster Neutrino
5 °F E Beam (BNB) target hall (MI-12)
Q N 1 |
2 - 1 S > Measure the neutrino-argon xsec (mainly ve) to about
— I 1 =
. = 10% for neutrino energies of O(10) MeV
1 1 = > Need 4e20 POT for a 10% measurement
i >
L R . . . . 1 & > Less exposure required if some amount of beam
0 >0 100 150 200 250 300 2 off-target running is possible
E, [MeV] =
— — SN @ 10 kpc, 17-kton LAr

—— Total
— ES

ve-20Ar

> Test the ability of detecting SNe with LAr
detectors (triggering, timing)

10

Events per 0.5 Mev

V-40Ar

> Potentially influence the ELBNF design (e.g.,
photodetection devices)

> Neutron background at this location will be studied soon
(SciBath)

K. Scholberg: arXiv 1205.6003 astro-ph
GKVM model: arXiv 0902.0317 hep-ph

(Gava, Kneller, Volpe, McLaughlin)
-.\
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Energy (MeV)



CAPTAIN-BNB

All 6 locations
shown are on
the ground
level, 8.4 m
above the
target level
(position A'is
directly above
the target)

Nevt (CC) Nevt (CC)
354 B 375

217, D 229

145 F 152

These locations are outside the

MI-12 building

Rates: 2e20 POT (1 yr) & 100% efficiency
v, (NC): +14%, v,,(NC): +31%




Captain-MINERVA

lcarus
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MicroBooN

BNB
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NuMI flux at MicroBooNE Event from numi in nu mode at 470m
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---- A large fraction of the rate Is
07k below 0.5 GeV and
above 1.5 GeV

600k 30k 100 (complementary to BNB).
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CAPTAIN-MINERVA

NuMI| Beam:

MINOS-ND/MINERVA Hall

Install the CAPTAIN detector in MINERVA to study
neutrino-argon interactions in the medium-energy
NuMI beam

Expands the physics reach of both experiments in a way
that is complementary to existing LAr R&D

Only experiment making high-statistics measurements
of neutrino interactions on argon in the medium
energy range before ELBNF

CAPTAIN-MINERVA can measure cross section ratios (il\ﬂiNOS/MINERVA Hall

argon to carbon)
» Study how processes vary on different nuclei

» More stringent tests of the models can be
performed with ratios due to cancellation of large
systematic uncertainties such as the neutrino flux

More statistics and better containment than achieved
with ArgoNEUT

In an energy range complementary to MicroBooNE

t
» Covers 1s oscillation max for oscillations at a
baseline of 1300 km

» Majority of interactions are DIS or resonance rather
than CCQE
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Two posible locations
a) at the position of the He target
b) at the module 30 (removing half of the tracker)



Statistics for

CAPTAIN-MINERVA

NuMI
neutrino Contained Contamned Events Contamned Events
mode Events in 1 CAPTAIN at pos 1 1m CAPTAIN at pos 2
CAPTAIN w/MINOS Match w/MINOS Match
CCQE-like =
muon + any
number < CCOm 488,250 255,354 339.333
protons and no CClm* 191,250 59,478 88,930
pions CClnY 189.000 48,384 76,167

Table 1: Contained efficiency for CC events with a reconstructed muon using MINOS
ND, assuming 6x10?° POT exposure.

ACCEPTANCE
o o o
N o © -

O 0 0 O O
N W DN OO

o
—

1

o
N

Contained events: events in which all
— CC MINOS-Matching Events atpos 7 outgoing particles except neutrons and
— CC MINOS-Matching Events atpos 74 leptons are contained within CAPTAIN;
overall containment efficiency is 25%.

Neutrino energy threshold of 1.5-2 GeV
for CC events with a muon matched in

Muon acceptance MINOS.
in MINOS
4 6 8 10 12 14 16 18 20 .

Neutrino Energy (GeV)



In the search for sterile neutrinos with a mass of ~ 1ev (at BNB),
there are uncertainties in neutrino flux, cross sections, incident
heutrino energy assighments, oscillation parameters and
detector response.

Statistics at BNB is very large, in particular in LArl ND.
This allows for extremely precise Exclusive XSECT
measurements - including rare processes.

Are there other measurements that enhance what can be

learned about neutrino Interactions from
i [FNAE SR A Dl e il

Incident neutrino energy assighments
ArgoNeuT— MicroBooNE (and beyond)

Detector Response
LArIAT 18



Neutrino energy reconstruction

¥ = 9(Mx — E,, + p,cos0,) 1 kinematics

MUON ONLY
. m E nts!
\/(EV — pucosd,)? + pisin?), assumes Q eve ts
and 1nteraction on a

(Ey — pucosb,,)/ph nucleon at REST

predicted proton angle
and momentum

2) E,=p,cosb,+pycost, fh JEPIZ g;ﬂslélpajms
+ p kinematics
» bmborzt . (B and )

ENERGY CONSERVATION 19




0.355— Proton KE
0.3;—
0.25F- Data <KE>=60 MeV
E GENIE <KE>=66 MeV
oaf- 17|
Mo + Preliminary
0.1
0.052— ._l_t
ok Ilh:Ll_-—T—H'EH_' e R
0 50 100 150 200 250 300

Neutrino energy reconstruction in ArgoNeu T -

AntiNeutrino CC O sample (u™ + Np)

VM — antineutrino mode run

Kinetic Energy (MeV)

Neutrino Energy from muon + protons
reconstructed kinematics:

No just muon information

Reconstruction of other kinematic
quantity (g, Q% p'mis etc.)

20

Muon Momentum for mu*+Np events (after calo) Mean 3.441
RMS 2.429
= Integral 1
- DATA |
0.25— MC Mean  3.891
- RMS 3.151
_ Integral 1
0.2 —
- Muon Momentum
0.5
0.1 -I-

0.3

0.25

0.2

0.15

0.1
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OO
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Muon Momentum [GeV/c]
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——&—— ArgoNeuT Data (muon+p kinematic)

GENIE (muon+p kinematic)

-~~~ GENIE (truth)

Neutrino Energy

2 6 8 10 12 14 16 18 20

Neutrino Energy (GeV)
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1) MUON ONLY GENIE MC

|_neutrino Energy muon only vs truth | b 555 ‘ 1_/ U C C O_ p l O n

o ™ 01354
- ( ,Ll+ + Np)
10° 3
E Energy reconstruction:
10
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T 06 04 2 002 94 o5 08 1
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1%
| neutrino Energy Emu+Tp vs truth | %C-‘E['"—Emﬂsvz—;;';
niries -
— : 3500 —
10°E Mean 01302 | —iffm 3500
[ 3000 — Truth
0 - RECO BY (3)
: 2500
i > o 1
i Tp>21 MeV -
3 2000 |
F : (u+ + Np) topology
- 1500 — _[
1000~ - energ>(/D underestimated
1 : (14% on average)
.,.11..1..‘1.1.1,..[1..11.1.11..1..11.1_ j]‘
1 -08 -06 04 -02 0 02 04 06 08 1 500 -
(Enu_truth-Enu)/Enu_truth .
1 1 l 1 L1 l L1 1 1 1 L 1 L1 L1 1

Neutrino Energy (GeV)



MC_Enu_EmuTp_truth

| neutrino Energy Emu+Tp vs truth | C
Entries 52379

| neutrino Energy Emu+Tnucleons (proton+neutrons) vs truth |

Including neutrons...

MC_Enu_EmuTf_truth

Mean 0.1392
RMS 0.1187

10°

Ev=Eu+2 Tp

Tp>21 MeV

10°

10?

1 llllllll I llllllrl 1 lll”lll

10

-08 -06 -04 -0.2 0 02 04 06 08 1
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10°

10°

10?

10

-1

Entries 52379

: RS, 8‘:83333 -
Tp>21 MeV _ N
no thr. on neutrons A\ EH + ZTD ZTn

“ldeal case”

T llmll'l T llmﬂl T 11T

-0.8

06 -04 -0.2 0 02 04 06 08 1

(Enu_truth-Enu)/Enu_truth

3500

Truth

2000 Reco (including n’s)

2500

e

2000

1500 Tp>21 MeV

@hn on neut@

1000

500

lllllllllIlllllllllllllllllllllllllll

12

L l1ol 1

14 16

Neutrino Energy (GeV)
22

EV= Eu+ ZTp+ZTn

GENIE

(u* + Np + Kn) topology

Important to reconstruct also
neutrons, in particular at low
energy (MicroBooNE)!

NB: residual difference mainly due to
Missing Energy (Emiss = Esep + €*)
depends on NV and K
(can be estimated)

18 20



0 50 100 150 200

i ArgoNeut Event

[ | . "
1600 | v interaction vertex
[ |
1400 f \
1200 -

Reconstruction
of proton(s)
from neutron
inelastic

reaction on Ar
I ————

ARG AN A AN AN EE NN AN NN AN NN NN NN NN ..

detached proton:
£,=6.1 cm,T,=94 MeV

600
B
B
400 f
2 T T T T T | | |
200 F . proton -
- kaon :
0 - Lea) pion pr
L —

Only few events with n—p in
ArgoNeuT g
LAr volume dimensions < Aint ,

@ 1 1 1 1 1 1 1 1 1 1
" s o
2 3 Total Range fom)



Los Alamos Neutron Science Center WNR
facility provides a high flux neutron beam
with a broad energy spectrum similar to
the cosmic-ray spectrum at high altitude

* Time structure of the beam

+ sub-nanosecond micro pulses 1.8 microseconds
apart within a 625 us long macro pulse

- Repetition rate: 40 Hz

DL
1.8 us

Cosmic-ray flux

v

WNR flux

10 100
Neutron Energy (MeV)




Detector Response

LARIAT AT FTBF

Improvement in detector response (Pld, Calorimetry, Charge separation)

requires dedicated effort (sw& hw) but also direct physics measurements:
LARIAT AT FTBF (starting now) and
future test beam efforts at CERN

One example:
direct measurement of the Pion ChEx Cross Section on Ar (single

Charge Exchange process never measured, a value with large error
IS now assumed as extrapolated from pion reactions on Carbon)

I

U5 T

0 50 100 150 200

2000

Single Charge Exchange: m=- 1 (MC event)

1500 ...easy to see why

this measurement

1000 IS iImportant.

500




lBlcehevEelh:

- Highest resolution & Xlarge Statistics LArTPC Data in the few hundred MeV to
few GeV energy range, using the Booster & the NuMI beams are expected from the
“present” and “Intermediate” LAr neutrino program at FNAL

(MicroBooNE and SBN-Trio and Captain-SBN/Captain-Minerva, respectively )

- prominent Goals:
reliable reconstruction of the incident neutrino Energy
explore nuclear effects (e.g. nucleon-nucleon correlations in Nuclei)
importing methodology and competence from electron-scattering
discriminate among theoretical models
@ develop/tune MC generators.

Important ingredients:
)

' Detection of emitted neutrons (from inelastic interaction(s) on Ar nuclei)
& proton multiplicity (and their angular correlations) at the interaction vertex
C (MC independent) Exclusive Cross Section measurements at high statistics
. first detection of Ve -Ar ABSorption reaction, relevant for SN detection
Test Beam Study of Charged & Neutral Particle interaction processes in Ar
(in the energy range relevant for SBN & LBN)

26
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Example of Low
energy proton
reconstruction

100 150 200

* Kinetic energy vs track length (data)

The short track behaves like proton

! \

The eventis (CCQE) 1p—-1 u-
Length=0.5 cm
KE=22j: 3 M ev ' ' ' " total range (cm)

* NIST predictions

|
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(3,18
N
N
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w

ArgoNeuT proton threshold: 21 MeV of Kinetic Energy
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CAPTAIN

Cryogenic Apparatus for Precision Tests of Argon Interactions with Neutrinos (LANL LDRD)

Liquid argon TPC detector: WORK DECK

= Portable and evacuable cryostat TOP HEAD

—
1

= 5-toninstrumented liquid argon BAFFLE

ASSEMBLY M\ [ |
ree \ |

= Hexagonal prism, vertical upward drift (E = l'.
500 V/cm, Vq = 1.6 mm/MS) —— TR

= 2001 channels (667/plane)

= 3 mm pitch and wire spacing

o

§l

Laser calibration system (Nd-YAG)
Photon detection system

= Hamamatsu R8520 (24) & 11065 (4) TPC ASSEMBLY

uBooNE cold electronics DEWAR ACCESS PORTS

LIQUID ARGON VOLUME
VACUUM JACKET |<

Mini-CAPTAIN: a smaller prototype detector 7

Y

107.5in

VME CRATES




(W+2p) = v energy reconstruction

trino energy for the (u~

From all final state particles kinematics (5 +7n + 5 4+ Ta
tons) measured kinemati
corrections: the residual

however a lower bound

be caleculated using the n
Ev=E,+(Tp+Tp)+ Tz + Eniss nemuT o~

energy for argon [16] an
the residual nucleus. We
Fiie=30 MeV. This is ¢
. . . . energy to remove a mn
We have no access to the longitudinal component of the missing momentui lat.efgf"ﬁﬂoﬂmsinglenudﬂoﬁ

we may lower bound

T < (PTmiss)2
(A-2) = 2 My
Emiss=energy expended to remove
Emiss = Esep + E* the nucleon pair from the nucleus.
Esep=two-nucleon separation
energy for argon
Esep = M(A—Z) + 2mp — MA e*=actual excitation level of the

residual nucleus

We set the total value to a constant Emiss =30 MeV. This is an approximation of the average
energy to remove an np pair from an Ar nucleus extrapolated from single nucleon removal

energy spectra for Ar nuclei.
31



